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Abstract 
The sediment record, as revealed in sediment cores, can be used to 
reconstruct the history of contaminant i put into estuaries. The basic 
assumptions are that contaminant i puts equilibrate r latively rapid- 
ly with sediment inputs and that the sediment column represents a 
continuous sequence ofsediment and associated contaminant accu- 
mulation. With radiochemical chronologies, it is possible to date 
sediments over a period corresponding to about five half-lives (N100 
years for 21°Pb). In our study we reconstruct the pollution history of 
the Savannah Estuary, which is a typical estuary in the South At- 
lantic Bight. A series of cores were taken in the estuary, followed by 
the analysis of the cores for a variety of organic and inorganic on- 
taminants. Ages were assigned to different depth intervals by the use 
of two radiotracers, 21°Pb and 137Cs. The major pesticides found were 
an isomer of DDT and dieldrin. The peak in their concentrations 
(1967) correlated with peak use of these pesticides before their use 
was banned. Between 1959 and 1962, there was more input of an- 
thropogenic PAHs than before and after this period. The metals 
which showed significant changes in the cores include mercury, lead 
and chromium. Chromium reached a maximum during the late 
1950s, followed by a decrease in the late 1960s. This chromium 
peak coincided with the initial operation of a titanium dioxide pig- 
ment plant in the Savannah Estuary. An interesting aspect of the 
study, which has been oted by many pollution history studies, was 
the decrease inthe concentration f anthropogenic chemicals during 
the past two decades, uggesting that pollution controls have been 
effective, even while industrial and population growth was taking 
place. 
Similar studies have been carried out to reconstruct the historical 
record of contamination in the Baltic Sea. Concentrations of metals 
were found to increase after 1880 (industrial revolution in northern 
Europe). PCBs peaked in concentration i  the late 1960s and the 
early 1970s, while DDT peaked in the 1960s. The Baltic experi- 
enced a major input of nutrients (N and P) after 1965 resulting from 
heavy use of fertilizers in this region. 
Introduction 
The sediment record, as revealed in sediment cores, has been 
used by many groups of investigators toreconstruct the his- 
tory of contaminant input to estuaries throughout the world 
(ALEXANDER et al. 1993; BOPPet al. 1993; COAKLEY 
et al. 1993; VALETTE-S|LVER 1993). The basic assump- 
tions are that contaminant i puts equilibrate r latively rapid- 
ly with sediment inputs (most oxic metals, synthetic organic 
compounds and polycyclic aromatic hydrocarbons are readi- 
ly adsorbed to particles) and that the sediment column repre- 
sents a continuous sequence of sediment and associated con- 
taminant accumulation. Using radiochemical chronologies, 
it is possible, theoretically, to date sediments over a period 
corresponding to about five radioactive decay half-lives 
(-100 years in the case of 21°pb). 21°Pb, anaturally occurring 
radionuclide in the 23sU decay series, has been used success- 
fully to provide a temporal framework in numerous studies 
of the estuarine nvironment [see, for example, GOLD- 
BERG et al. (1979); ALEXANDER et al. (1993); THORB- 
JARNARSON et al. (1985)]. 
The present study reports on the analysis of sediment 
cores collected from the Savannah River Estuary (Georgia, 
USA) (Fig. 1). This estuary is typical of the estuaries of the 
South Atlantic Bight formed within the mouths of Piedmont 
Rivers. The port of Savannah, located in this estuary, handles 
kaolin, coal, ferrous minerals, fuel oil, and other raw and 
processed chemicals. Industries that have developed around 
this port include paper, fertilizer, and chemical manufactur- 
ing. Hundreds of thousands of metric tons of sediment is 
transported down the Savannah River and is trapped in the 
Savannah Estuary. As a result of row crop farming and defor- 
estation, soil that has eroded from upland areas is still mov- 
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Fig. 1. Savannah River Estuary 
(Georgia, U.S.A.). 
ing toward the estuary in the Savannah River. Thus, chemi- 
cals such as pesticides used in the upland areas would be in 
sediments of the Savannah Estuary many years after their 
initial use. 
Methods 
Field Sampling 
A series of cores were collected from a number of sites, including 
salt marsh and abandoned boat-slip sites, with a variety of coring de- 
vices. The upper 50 cm were sampled manually with pushcores con- 
structed of open-barrel polyvinyl chloride pipes (15 cm inner diame- 
ter, 50 cm long). Deeper cores were collected with a vibracorer (core 
tube 7.5 cm inner diameter, 6 m long). Samples for radiochemical 
analyses were removed from push cores at 1 cm intervals to generate 
complete radiochemical profiles and contamination histories. Sam- 
ples from vibracores were collected at intervals appropriate for high- 
resolution sediment analysis, based on prior knowledge of the accu- 
mulation rates from cores collected previously. The outer layer of 
sediment in each sampling interval, which may be contaminated in 
the coring process, was removed before samples for analysis were 
collected. X-radiographs were produced from each core using X-ray 
film (Kodak Industrex-AA) and a portable X-ray machine 
(Kramex). Slabs for X-radiography from pushcores were collected 
in plexiglas ubsampling trays. 
Geochronology 
X-radiography was used initially to evaluate the extent of bioturba- 
tion in each core and allowed us to identify areas where bioturbation 
or physical disturbance had not affected significantly profiles of ra- 
dionuclides and contaminants. X-radiographs also allowed us to per- 
ceive any artifacts associated with coring operations. Sediment ac- 
cumulation rates were determined by 21°Pb geochronologies, which 
integrate sediment accumulation on 100-y time scales. Rates were 
verified using 137Cs as a second radiotracer. Activities of radiotracers 
within each sample were determined concurrently using 2 low-back- 
ground, planar intrinsic germanium detectors, computer-based 
multi-channel analyzers, and Maestro-II analysis oftware. 
Accumulation rates were calculated by producing profiles of total 
2t°pb activity with depth in the seabed. Total 21°pb activity was direct- 
ly determined by gamma spectroscopic measurement of its 46.5-KeV 
gamma peak in dried, homogenized sediment (CUTSHALL et al. 
1983). Supported levels of 21°Pb from the decay of 2~6Ra were deter- 
mined for each depth interval by concurrently measuring the gamma 
activity of 214pb and 214Bi, the sholt-lived granddaughters of 226 Ra. 
Calculated 21°Pb accumulation rates can often be verified using ~37Cs 
as a complementary radiotracer, l~TCs (half-life 30.0 y) is an impulse 
tracer (produced from atmospheric nuclear tests), which was first in- 
troduced into the environment in significant amounts about 40 years 
ago. In areas of no biotmbation, the peak of atmospheric weapons 
testing is preserved as a maximum in ~37Cs profiles corresponding to 
1963 and provides an independent estimate of the sediment accumu- 
lation rate. ~37Cs activities were directly determined by gamma spec- 
troscopic measurement of its 662-KeV gamma peak in dry, homoge- 
nized sediment (KUEHL et al. 1986; ALEXANDER et al. 1991). 
Sediment accumulation rates were calculated using the constant 
flux (also known as the constant rate of supply) geochemical model 
when possible (KRISHNASWAMI et al. 1971; KOIDE et al. 1972; 
ROBBINS 1978; NITTTOUER et al. 1979; KUEHL et al. 1986; 
ALEXANDER et al. 1991). This model is applicable in areas where 
the flux of excess 21°Pb (unsupported by the decay of 226Ra) and dry- 
mass sedimentation rate at the seabed have remained constant. This 
assumption has been shown to be reasonable in areas where the sup- 
ply of 2~°pb is dominated by atmospheric sources (i.e., in marine and 
estuarine nvironments; see references above). Radiochemical naly- 
ses disclosed the fact that some of the cores (50-cm length and vibra- 
cores) did not reach background (i.e., supported) levels of 2~°Pb. With- 
out complete information on the distribution of excess and supported 
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21°pb within the sediment column, ages within the column cannot be 
accurately calculated by the constant flux geochemical model. How- 
ever, accumulation rates can still be calculated and can be used to de- 
rive sediment horizon ages. Dry mass accumulation rates, in g/cm 2' yr 
were calculated for each core. Combining the dry mass accumulation 
rate for each core with the depth distribution ofcumulative dry mass, 
ages were calculated and assigned to depth intervals within each core, 
Analysis of Contaminants 
Organics 
Sediments were analyzed for polycyclic aromatic hydrocarbons, 
chlorinated pesticides and polychlorinated biphenyls using the pro- 
cedures described by MACLEOD et al. (1985). The sediments were 
extracted with dichloromethane and organic extracts were fraction- 
ated on columns of silica gel after using activated copper to remove 
elemental sulfur. The first fraction, which contains polychlorinated 
biphenyls and a few of the pesticides, was eluted from the column 
with hexane. The second fraction, which contains the aromatic hy- 
drocarbons and most of the chlorinated pesticides, was eluted with 
dichloromethane i  hexane (1:1 v/v). The internal standard added to 
each sample was 4,4-dibromooctafluorobiphenyl. 
Polychlorinated biphenyls and pesticides were analyzed by high 
resolution fused silica capillary gas chromatography with electron 
capture detection (Varian 3400CXJ). Pesticides were identified and 
quantified by comparison to authentic pesticides tandards. Poly- 
chlorinated biphenyl congeners were identified and quantified by 
comparisons to reference congeners. Both polychlorinated biphe- 
nyls and pesticides were run on two different columns (DB-5 and 
DB-17) to confirm the identification ofthe compounds. Where iden- 
tification was questionable, full scan gas liquid chromatography/ 
mass spectrophometry was used and compared with the mass pec- 
trum of the authentic standards. 
For analysis of polycyclic aromatic hydrocarbons, a eries of inter- 
nal standards (d8-naphthalene, dl0-acenaphthene, dl0-phenanthrene, 
dl2-chrysene and dl2-perylene) were added to each sample and blank 
before workup to follow analytical recoveries and reproducibilities. 
Polycyclic aromatic hydrocarbons were quantified by capillary gas 
chromatography-mass spectrometry (Finnigan Incos 50GC coupled 
with a Hewlet Packard 5890 gas liquid chromatograph containing a 
DB-5 column) utilizing full scan and selected ion monitoring modes. 
Metals 
Sediment samples were digested with nitric, perchloric and hy- 
drofluoric acids. After digestion, samples were analyzed for Li, A1, 
Fe, Mn, Cd, Cu, Cr, Ni, Pb, Zn, As, Ag, V, Ba, Ti and total P by in- 
ductively coupled plasma-mass spectrometry (Fisons Model PQII+). 
An internal standard was added to every sample and standard prior 
to analysis. Indium is the internal standard used at a concentration f 
100 ppb. The internal standard isused to compensate for detector in- 
stability. Isotope dilution methods were used for analysis of Hg as 
described by SMITH (1993). 
Results and Discussion 
Cores from two different sites in the Savannah Estuary (Fig. 
1) were analyzed for the various contaminants. Core H was 
taken from an abandoned boat slip across the river from the 
city of Savannah on Hutchinson Island. Core F was taken 
from a back-levee Spartina marsh on western Bird Island, 
near Wilmington Island. 
Polychlorinated Biphenyls (PCBs) 
The concentrations of 20 congeners of PCBs were deter- 
mined in the various ections of the cores. Total PCBs report- 
ed are the sum of the concentrations of the 20 congeners. The 
major features of both cores F and H were the peaks in PCB 
concentrations i  1967, with 32 and 107 ng/g in cores H and 
F, respectively (Figs. 2 and 3). Concentrations of PCBs in 
core H were barely detectable from 1920 to 1937, with a 
gradual increase from 1944, rising to a peak of 32 ng/g in 
1967 and then remaining between 16 and 22 ng/g since 1967. 
PCBs were extensively used throughout the United States in 
the period from 1963 to 1970 as heat transfer fluids in trans- 
formers and capacitors. Because of their persistence and tox- 
icity, their production was banned in the United States in 
1976. Dated cores at various locations in North America gen- 
erally show large concentrations of PCBs in layers from the 
1960's (BOPPet al. 1993). 
Chlorinated Pesticides 
Cores were analyzed for sixteen pesticides. Total DDT refers 
to the concentration f all of the isomers (2,4'-DDT, 4,4'- 
DDT, 2,4'-DDE, 4,4'-DDE, 2,4'-DDD, 4,4'-DDD) with 4,4'- 
DDE and 4,4'-DDD being the major isomers. The major pes- 
ticides found in core F were 4,4'-DDE, 4,4'-DDD and dieldrin 
and their peak concentrations were in the 1984 layer (Fig. 4) 
Low concentrations of lindane and alpha-chlordane were 
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Fig. 2. Total PCB in core H. 
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Fig. 3. Total PCB in core F. 
found throughout core F. Heptachlor, heptachlor epoxide, 
aldrin, mirex, trans-nonachlor, endrin and hexachlorobenzene 
were non-detectable in core E In core H the highest concen- 
trations of dieldrin, 4,4'-DDE and 4,4'-DDD were in the 1967 
layer (11.8 ng/g of 4,4'-DDE, 6.2 ng/g of 4,4'-DDD and 2.0 
ng/g of dieldrin). In core H there was a gradual increase in 
2,4'-DDE from 1954 reaching a peak in 1967 and then de- 
creasing from 1967 to recent imes (Fig. 5). The major pesti- 
cides in cores H were 4,4'-DDE and dieldrin. Low concentra- 
tions of lindane, aldrin and alpha-chlordane were found 
throughout core H while heptachlor, heptachlor epoxide, 
mirex, trans-nonachlor, endrin and hexachlorobenzene w re 
non-detectable in most sections. DDT was a widely used pes- 
ticide in the United States in the 1950s and the 1960s. The 
manufacture ofDDT was banned in the United States in 1972. 
Core H is near Hutchinson Island, which has large populations 
of breeding mosquitoes. Thus, some of the DDT found in core 
H is likely due to DDT used to control mosquitoes. The DDT 
isomers found at site F in the 1984 layers are likely due to soil 
earlier exposed in the watershed area to DDT spray with later 
transport down the river to site F. Dieldrin was used in the 
1960s in the United States to control white fringed beetles and 
may explain the peak concentrations of dieldrin in 1967 in 
core H. Dieldrin has not been produced in the United States 
since the mid 1970s and in 1984 the Environmental Protection 
Agency suspended all dieldrin use. 
DDT is rapidly converted to DDE or DDD in sediments, 
thus explaining the lack of DDT in all cores. DDE is a prod- 
uct of DDT under aerobic, oxidizing conditions while DDD 
is a product of DDT under anaerobic, reducing conditions 
due to microbial activity and the reaction of DDT with iron 
porphyrins (BOUL et al. 1994). In core F, the ratio of 4,4'- 
DDD to 4,4'-DDE averaged 0.23, suggesting primarily oxi- 
dizing conditions at the time when the DDT first associated 
with the sediments. In core H, the ratio ranged from 0.53 to 
1.0 from 1954 to 1967 and then ranged from 0.16 to 0.21 
from 1975 to 1988. These results suggest hat conditions 
changed during these two periods, so that in 1954 when 
DDD and DDE were approximately the same concentration, 
the conditions of deposition were more reducing than during 
the later period (1975 to 1988). 
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Polycyclic Aromatic Hydrocarbons (PAHs) 
In core F there was a gradual increase in PAH concentrations 
from a depth of 37 cm (1951) to 9 cm (1984) followed by a 
decrease from 9 cm to the surface (1993). In core H the 
major features were a large increase in PAH concentrations 
from a depth of 175 cm (1948) to 135 cm (1958) followed by 
a decrease in concentration from 135 cm to the surface (Fig. 
6). Between 1958 and 1962 there was significantly more 
input of anthropogenic PAH to site H in the Savannah River 
estuary than before and after this period. 
The increases from 1948 to 1958 are assumed to be due to 
increases in the growth of both population and industry in 
the Savannah Estuary. The decrease in PAHs after 1958, with 
relatively low concentrations after 1976, is assumed to be 
due to the passage of pollution control ows. Site F had much 
lower concentrations of PAHs than site H. The former is fur- 
ther down river from the city of Savannah and away from the 
industry associated with the latter site. 
Metals 
Metals, such as copper, zinc, and lead, accumulate naturally 
in estuarine sediment, associated with clays and other debris 
carried into the estuary. Since natural metal inputs are rela- 
tively constant, changes in metal concentrations are general- 
ly due to human activities. The dominant natural metal-bear- 
ing phase in sediments of the southeastern United States are 
aluminosilicates, or clay minerals. WINDOM et al. (1989) 
have used aluminum as a proxy for the concentration of alu- 
minosilicate minerals. For natural sediments the concentra- 
tions of metals covary with the concentration of aluminum, 
thus providing a tool (A1) to normalize results of metal anal- 
ysis to identify natural and anthropogenic enrichments. The 
metals which showed significant enrichments in cores F and 
H includes mercury, lead and chromium. Chromium concen- 
trations in core H rose during the 1950s followed by a de- 
crease in the late 1960s (Fig. 7). 
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The increasing chromium concentrations coincide ap- 
proximately with the early operation of a titanium dioxide 
pigment plant. The raw material for this plant is the mineral 
ilmenite, and waste products from the plant contain signifi- 
cant amounts of chromium. Significant steps were taken in 
the 1960s to reduce atmospheric emissions and effluents, and 
chromium concentrations show a marked decrease after this 
period. 
In core H a well-defined maximum of short duration in 
the Hg concentration occurred at about the 1968 layer (Fig. 
8). This mercury input to the Savannah Estuary may have 
been due to a chlor-alkali plant up river which was cited for 
mercury release during the late 1960s. 
Pollution History of the Baltic Sea 
A number of studies have been carried out to determine the 
history of pollution in the Baltic Sea (ALHONEN 1987; ER- 
LENKEUSER et al. 1974; MULLER et al. 1980). It is of in- 
terest o compare these studies in the Baltic to the present 
study on the history of the Savannah Estuary, which is more 
recently industrialized than the Baltic. For example, heavy 
metal pollution is evident in cores from the Baltic Sea after 
1880 which correlates with the Industrial Revolution in 
northern Europe (ERLENDEUSER et al. 1974). DDT in 
Baltic Sea cores were similar to the cores in the Savannah 
Estuary, DDT appearing after 1945, peaking in the 1960s and 
decreasing after 1970 (MULLER et al. 1980). In dated cores, 
PCBs increased since the 1950s into the 1970s (MOLLER et 
al. 1980), but presumably the banning of PCBs in northern 
Europe will show decreases of PCBs in more recent sedi- 
ments. One of the major contaminants in the more recent 
sections (since the 1960s) of dated cores from the Baltic are 
the very high concentrations of nitrogen and phosphorus 
(MULLER et al. 1980; VALETTE-SILVER 1993). This is 
due to the heavy use of fertilizers in regions adjacent to the 
Baltic. Another class of contaminants a sociated with Baltic 
sediments are the chlorinated compounds from paper pulp- 
ing mills (KONSTEN et al. 1993). 
Of a major concern to the future of contaminant inputs in 
the Baltic is the possibility of large inputs of various contam- 
inants that are held in large impoundments on rivers entering 
the sea (e.g. Neva near St. Petersburg; HEKSTRA 1995). 
These large concentrations of contaminants are referred to as 
"chemical time bombs" because of their potential suscept- 
ability to catastrophic releases. 
Conclusions 
Many of the past historical pollution studies have used dated 
cores from sites near densely populated and highly industri- 
alized regions (BARRICK et al. 1980; BOPP et al. 1993; 
COAKLEY et al. 1993; VALETTE-SILVER 1993). In con- 
trast, the population of the Savannah Estuary watershed is 
relatively small (approximately 150,000), with most indus- 
trial growth having taken place over the past 30 years. Thus, 
the concentrations of most anthropogenic chemicals found in 
the cores of the Savannah Estuary are comparatively low. An 
interesting aspect of the study, which has been noted by 
many pollution history studies, is the decrease in the concen- 
tration of anthropogenic chemicals during the past two 
decades, suggesting that pollution control aws have been ef- 
fective, even while industrial and population growth was 
taking place. 
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